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Introduction
Separating or breaking electrical contacts are a major cause of incendive arcs in flammable gasses. The specification of safety critical maximum parameter values therefore plays a central role in the qualification of electrical circuits for use in explosive atmospheres. The determination of these maximum values for the explosion protection concept known as Intrinsic Safety is based primarily on incendive arcs produced in a "Spark Test Apparatus", defined in standard IEC 60079-11 (2012) . This apparatus evaluates the influence of the circuits' current and voltage outputs on the ignition process.
In this paper, circuits supplied by 40 V rectangular current limited source are investigated. The abovementioned IEC standard does not provide any safety critical limits for this type of circuit. For circuits with linear (resistive) outputs, the standard specifies a maximum current of 57 mA, where a 1.5 safety factor (SF) is required and 83 mA for an SF of 1.0. Within these circuit limits, typical incendive discharge energies are between 18 and 100 µJ.
Under the IECEx system, measurements made with the Spark Test Apparatus were compared across many different certification laboratories worldwide, revealing an extremely high statistical spread of results. The disadvantages of the Spark Test Apparatus, other than poor reproducibility, are the use of toxic cadmium and flammable gas, as well as the high level of competence demanded for personnel undertaking the measurements. These difficulties have resulted in interest for developing an Electronic Spark Test Apparatus, which can be connected to the circuit under test and simulates the incendive spark electronically, evaluating safety with analysis of electrical parameters (Shekhar & Uber, 2015) . For this purpose, the electrical and non-electrical parameters relevant to the spark ignition process must be measured and analyzed.
The initial investigations presented here are concerned with contact opening discharges resulting from a current limited voltage source.
To the best of the authors' knowledge, previous studies of incendive arcs in explosion safety did not consider the particular situation studied here as a whole. Certain parts of the process, such as the mechanical contact movement, have however been handled in depth by previous literature. The ignition process overall is described in the following sections.
Background
Overview of the arc formation process
At the start of the opening arc process, the tungsten wire slides over the rough surface of the cadmium block. Shortly after, the wire enters a groove, maintaining a distance of a few micrometers from the surface. The wire then continues to separate from the edge of the cadmium block. These phases of the contact movement are described in Fig. 1 . 
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In the Spark Test Apparatus, the tungsten wire moves over the cadmium disc with varying velocities. In accordance with the standard, the wire must overlap the edge of the disc by 1 mm and therefore bends and straightens elastically during movement. In practice, with an overlap of around 0.7-1.2 mm the wire accelerates when straightening (i.e. separating from block) starting with a speed of 0 m/s to speeds of 26.8-31.1 m/s (Zalogin, 1992) .
In the first phase of movement, the electrical contact results from a microscopic sized contact surface area (due to the surface roughness), which may also be covered with impurities such as cadmium oxide. As the contact surface area decreases, the current density increases. This leads to an increase in temperature, which, when high enough to melt the metal, produces a molten metal bridge between the contacts. This molten bridge can vaporize explosively when its temperature reaches the boiling point of the metal. Such temperatures can result even with relatively low contact voltages (eg. 0.7-2 V), depending on the contact material (Vinaricky, 2002; Slade 2014 ).
In the transitional phase, where the contact distance is of the same order of magnitude as the mean free path of the surrounding gas (i.e: a few µm), a so called "short arc" plasma consisting mainly of metal vapor results. In this discharge electrons are released by field emission and thermionic emission can also result. By evaporation of cathode material additional charge carriers are also generated. Field enhancement through micrometer scale asperities, as well as areas with lower work function (such as grain boundaries or impurities), can also support the discharge (Rieder, 1967; Johannsmeyer, 1984) . Additional cathode material can also be vaporized due to high current density in micro asperities. (Meysats & Proskurovski, 1998) Around the electrodes, a space charge region of increased field intensity develops, with a thickness of around 0.1 to 1 µm. This is termed the fall region, and results in a fall voltage of 9.8 V near the cadmium cathode. A fall voltage can result from tungsten anode, but only with currents orders of magnitude higher than those studied here (Boxman et al, 1995) . As the contact distance increases, higher voltages are necessary to maintain the arc (Rieder, 1967) .
The phenomena described here have not yet been investigated in situations where they occur together. Electrical contact related studies considered mostly electrical processes and material parameters (Slade 2013 , Vinaricky 2002 . Other phenomena are considered in gas and plasma studies. Although some of these also examine arc voltages and currents, only static electrodes are considered (Rieder, 1967; Fridman & Kennedy, 2011) . Previous work concerning plasma surface treatment technology also exists, however significantly higher currents are normally used in this application.
It is also important to note that none of these areas of study include the ignition of flammable gas mixtures. Spark ignition of gas mixtures is also well studied, particularly in internal combustion engine applications, however the discharges here involve high voltage gas breakdown (Schäfer, 1997) .
After the discharge takes place, an expanding high temperature ignition kernel results. If the kernel reaches a sufficiently large radius and the necessary energy density is reached, the flammable gas mixture can ignite (Warnatz & Maas, 1993) . For a mixture of 21% hydrogen in air (by volume), a minimum ignition energy of 17.2 µJ ± 2.3 µJ was measured, for an arc with electrodes 0.5 mm apart (Wähner et al, 2013) .
Ignition probability
In the Spark Test Apparatus, usually many discharges will occur. An ignition, however, does not result from every contact cycle and instead occurs with a given probability which depends M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT on several factors (e.g. contact geometry and energy source). In the standard, the ignition limit curves are nominally based on an ignition probability of 1/1000, i.e.: for a given energy source more than 1000 contact cycles are required for ignition.
The occurrence of various contact opening and closing discharges in the Spark Test Apparatus and their dependence on the wear of the cadmium disc was investigated (Zalogin, 1992) . This study showed that the effect of the disc surface wear on ignition properties is dependent on the energy source circuit.
As a result of this wear dependence, any evaluation of ignition probability for the contact opening sparks being studied will need to be undertaken with cadmium disc of varying wear degrees. It is intended to do this with the use of data logging for spark current and voltage waveforms for the various spark ignition likelihood experiments.
Surface of the electrodes
The surface roughness of the electrodes has a significant influence on the experimental results, e.g. . a certain defined roughness level is necessary for the successful application in such experiments. This theme is introduced here, and will be more extensively discussed in the results section.
However the condition of the surface changes dynamically during the experiment and the conditions can be observed before or afterwards. As described in 2.1, the electrode surface has an influence in the first phase of movement, where direct electrical contact is present. In the following phases, where no direct contact is present, the discharge is initiated by areas of locally reduced work function, e.g. grain boundaries or impurities (Rieder, 1967; Johannsmeyer, 1984) . Additionally, micrometer scale roughness and asperities can locally enhance the electric field by a factor of several hundred. Micrometer scale particles and surface contamination can also directly influence the discharge (Slade 2008 , Vinaricky 2002 .
To compare varying contact surfaces, Sato and Koyama (2003) used so called "center line average roughness" (R CLA ), which would not be very informative for the inhomogeneous surfaces encountered here. Most of the standardized roughness indicators are intended for the mechanical assessment of functional surfaces and therefore not particularly appropriate for electrical contacts. For the heterogeneously rough surfaces considered here, the parameters of the standardized Abbott curve has been chosen. The Abbott curve describes the amount of material at a given height, thereby indicating the heights of and proportion of material contained in asperities and pores (Bodschwinna et al, 1992 )(see Fig. 2 ). Although this information has no direct relationship to electric field enhancement, it can be used to compare different surfaces to one another.
Fig. 2: Profile of a surface (left) and the related Abbott curve (right). R pk (Reduced peak height) shows the absolute level of the peaks and M r1 (Peak material ratio) gives the amount of the material.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
The varying effects of new, mildly worn, and significantly worn cadmium discs on the velocity of contact opening, as well as the influence of the occurrence and time available for opening process on the ignition probability is discussed by (Zalogin, 1992) .
Experiments
The first experimental investigations examine surface roughness extensively, due to their significant influence as discussed above. Subsequent experiments involving spectral investigation of the spark discharge radiation are also briefly explained. The main part of the investigations concern the relationship between arc length, electrical characteristics and ignition properties of opening sparks. These involved the development of a special apparatus for creating reproducible sparks and observing these with a high speed camera and long distance microscope.
Arc Generating Unit (AGU)
The main component of the experimental setup is the apparatus for creating sparks in a Hydrogen-Air gas mixture. To enable the creation of sparks at a constant location for observation with the camera, an apparatus with a fixed-position tungsten wire as the anode and a cadmium block on a rotating disc as the cathode was developed, and installed in an explosion chamber.
The rotating disc moves the cadmium block (30x10x10 mm) with a speed of approximately 0.5 m/s. The wire has a diameter of 200 µm and a length of about 10 mm. The height of the wire is adjustable, and is set so that it makes contact with the cadmium block and has minimal overlap. When the disc with the cadmium block rotates, the wire traces a path approximately 10 mm in length over the surface of the block before elastically recoiling to its straightened position, breaking contact. A groove develops under this traced path, resulting in a roughness dependent on contact use. The speed of contact opening depends on the actual degree of overlap (i.e.: how much the wire is bent while in contact), and has been measured to accelerate from 0 to 2-4 m/s in about 200 µm. During this opening phase, the spark results and is measured in the proceeding experiments.
Fig. 3: Experimental setup for generating incendive sparks
This contact apparatus is placed in a chamber containing 15 L of a 21 % Hydrogen in air gas mixture (as specified for gas group IIC, safety factor 1.0 according to standard IEC 60079-11 (2012)). The oscilloscope and camera are triggered using a piezoelectric pressure sensor, which typically produces a signal 7 ms after ignition occurs.
The power supply is a constant voltage circuit with current limiting, where the limiting value of current can be set in various discrete steps. The DC constant current was measured with M A N U S C R I P T
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Fluke 87V multimeter, and the digital storage oscilloscope used to record the transient voltage and current was a Yokogawa model DK9040L, with a sampling rate and bandwidth of 5 GS/s. A 50MHz 1/100 differential probe was used to measure voltage.
The experiments were initially conducted with higher current settings, with the current being reduced for each subsequent experiment set, until the ignitions no longer occurred. This is standard practice in the field of Intrinsic Safety, and it is believed to influence the ignition limit. The procedure was followed here simply so that results were comparable with previous studies.
3.2 Investigation of the surface of the electrodes
As previously mentioned, the electrode surfaces can only ever be investigated before or afterwards, and the situation during the experiment can only be estimated. Therefore only gradual changes in the surface conditions can be identified, and not sudden or one-off changes such as the alteration of individual asperities.
The surfaces of the cadmium cathodes were imaged using a confocal 3D laser scanning microscope (Olympus LEXT OLS4100). The constructed 3D surfaces are measured and analyzed with 20x magnification.
The tungsten wires were visually investigated with a scanning electron microscope (JOEL -JSM6300F). For the elemental analysis the SEM Zeiss Supra 40 FEG is used.
For consistency, the imaged area of the cathode block was fixed as a 467 µm x 645 µm patch centrally aligned with the groove made by the wire and closed to the edge where the wire leaves the surface. These areas are used for the calculation of the Abbott curves. It was reasoned that the surface conditions in this area were the most relevant to arc formation. Imaging the discharges in general poses significant challenges, due to their extremely small lengths (50-400 µm) and short duration (<500 µs) and relatively weak light intensity. For this purpose, a Photron SA5 monochrome high speed camera was used together with a Questar QM1 long distance microscope. This setup provided a 2.5 x 2.5 mm² field of view, and the maximum frame rate was limited to 20000 fps, on account of the low light intensity.
For length calibration, a copper length scale with etched stripes was used, the scale itself measured using the LEXT OLS4100 microscope described above. Image handling and length measurement was performed using the Photron PFV software.
It is important to note that as the camera images are only two dimensional, and only the length visible here can be measured. If the orientation of the arc is parallel to the image plane this 2D measured length will be the same as the actual arc length. If, however the endpoints of the arc occur at different depths relative to the image plane, the actual arc length can be longer than that measured in the image. Taking into account the wire diameter of 200 µm and that we can only detect and measure the discharges which are visible in front of the wire (between the groove and the wire center). The depth of field is approximately 100 µm. This was visually determined by varying the focal distance of the lens. Taking this into account as per Fig 5, a maximum and minimum possible arc length were evaluated for each image measurement.
Fig. 5: Geometry for determing the arc length
Next using voltage and current traces from the oscilloscope (synchronised with the camera) the voltage and current corresponding to each measured arc length were determined.
Results and discussion
Surface of the electrodes
The following section documents the condition of the surfaces of the electrode used in these experiments, together with a new and a heavily a used electrode for comparison.
The surface of the unused cathode and the anode are relatively very smooth. For the experiments the tungsten wire has been prepared according to the standard. The end of the tungsten wire is fused, the small sphere removed by tweezers and then the end treated with sandpaper. With such unused electrodes and with 40 V and 270 mA we could not generate discharges.
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The surface of a cadmium disc which has been heavily used in a spark test apparatus over several years is characterized with significant signs of wear. In the following figure the position of the measurement and the top view image of a highly used cadmium disc are displayed.
Fig. 6: Images of the highly worn surfaces Section 258 µm x 258 µm (left, for informative purpose image enhanced), 96 µm x 57 µm (right) Positions with whisker are marked by red circles.
In addition to the high degree of micro-roughness, several whiskers up to 40 µm long and with a diameter of about 1 µm can be seen. The whiskers have also been discovered on tungsten wires, which were operated with these highly used cadmium discs. The result of a material analysis in a SEM is that these whiskers essentially consist of the cathode material cadmium (see Fig. 7 ).
Fig. 7: Tungsten wire with clearly visible whiskers, operated with a highly used cadmium disc, Section 258 x 258 µm (left) and elemental analysis of a whisker (Cd about 80 %, W about 8 %, Al about 8 %) (right)
For these experiments a cadmium electrode was used, which was sufficiently worn such that incendive discharges appeared reliably. The examination of the surface was carried out after the experiments. The following figures show the position where the wire leaves the disc and a 3D image of this measurement position (see Fig. 8 ).
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Fig. 8: Measurement position (left) and 3D-image of the jump-off position (right) with color coded height scale
On this cathode surface as well as on the anode surface no whiskers were discovered. The varying roughness of unused, highly used and used in these experiments' electrode surfaces are shown with the Abbott curves described in Section 2.3. This chart shows the range of 0 % to 5 % upper material ratio, that characterizes the peak roughness. The reference line of all curves was therefore placed on the level, that 5 % of the upper material is included. In this diagram the material ratio of the surface and the relating absolute heights are displayed. Never the less these curves are based on unfiltered experimental values and influenced by an unknown uncertainty.
Fig. 9: Abbott-characteristics of the unused (black), heavily used (red) and normal used electrodes (blue) in these experiments
It should be noted, that this normalized visualization is only able to show the proportion of the area and the absolute level of the roughness, and is not able to display the number of asperities or values for the relevant field enhancement. However, this is a method for a simple comparison of the electrode surface to be used for further experiments.
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Spectral Investigation
The plasma was found to be primarily composed of cadmium metal vapor. In the experiments with the band-pass filter nearly all main characteristic wavelengths of cadmium were detected, which are listed in the NIST Atomic Spectra Database (Kramida, 2015) . A cross check confirmed this result; when the pass band was set to a region where no cadmium lines were present, no image was seen. Additional experiments with zinc as the electrode or experiments with other gases like hydrogen, argon and helium also confirm the result. The characteristic spectral lines of the gases could not be detected. The authors presume that no significant quantity of gas is excited by the discharge, at least during the time period imaged in the experiments. These discharges can therefore be classified as metal vapor discharges, as described in the literature.
Arc length
For these first measurements the parameters were selected to get a reliable experimental procedure for this task at the limit of the metrological possibilities. It should be emphasized, that all values are measured from discharges in a hydrogen-air mixture, when also an ignition took place.
In this experiments a voltage of 40 V, a constant current with 74 mA, 121 mA, 147 mA, 216 mA, 231 mA, 257 mA is 270 mA selected and a cadmium-block as described in section 4.1 is used. The overlap of the wire to the block-edge was set as short as possible in order to get reliable discharges at low speed and as uniform as possible. However, a swinging of the wire could not be avoided and so the velocity varies typically from 0 m s -1 at the beginning up to 2 -4 m s -1 in a distance of 200 µm. The following figures show the typical image of a discharge between the electrodes and the relating voltage and current waveform. The measured values of the arc length and the corresponding voltage for a constant current of 147 mA and 216 mA at 40 V will be shown as an example in Fig. 11 . The minimum and maximum arc length as described in section 3.4 were shown as squares and also the resulting linear fit. This approximation is based on a cathode fall voltage of U K = 9.8 V (Boxman et al., 1995) at the beginning. The scatter in the measured values is especially significant at low currents (see Fig. 11 left image). The linear fit is still applied in this case as we assume that the linear trend which is somewhat more obvious in the higher currents is valid for all current levels.
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The deviations of the measured values caused by several factors and metrological compromises. These has still been improved in the future.
1. The velocity varies especially when the wire is jumping off, for example in a distance of 200 µm in the range of 2 -4 m s -1 . 2. The discharge is sometimes partly hidden by the groove. The discharges seen on the image are only in two dimensions and in the evaluation we consider a minimum and a maximum arc length. Some of the discharges have a curved form and the basic points of the discharge channel are changing the position during the time period of the image recording. The possible evaluable image is restricted by the depth of field. There are reading errors due to the deviation from the quantization of pixels, the low intensity of radiation when using the maximum resolution of 20000 fps, errors caused by reflections and also the human reading mistakes. 3. The sampling of the oscilloscope was 2 µs. The electrical values of the experimental setup (estimated 1-2 µH) are not considered here. 4. The temperature of the gas may be increased during the experimental procedure by warming up the apparatus by previous ignitions or lighting. 5. The surface conditions, for example the roughness, varies between the experiments. 6. There is a very significant scattering in results of lower currents, most likely because these discharges had a lower light intensity, making accurate measurement more difficult. 7. The scatter in length at 40 V is especially large, as the camera has finite exposure time, within which the arc may be extinguished. The end voltage of the discharge could therefore not be exactly determined.
Based on these experimental conditions, a standard error is not specified here. Despite of the mentioned restrictions values could be measured, corresponding to the trend. The result is shown in the following plot. = 74 mA, 118 mA, 147 mA, 162 mA, 216 mA, 231 mA, 257 mA and 270 mA The measured curves correspond in principle to the known function of the voltage depending on the contact distance for free-burning arcs in air with stationary electrodes (Rieder, 1967) . The curves for the currents from 147 mA to 270 mA are distributed approximately as expected and match the relationship of static situations to Nottingham (Nottingham, 1923; Shekhar & Uber, 2015) . Compared to the values in (Shekhar & Uber, 2015) the measured arc length are shorter, which may be caused by different conditions such as electrode geometry, roughness and velocity etc. The curves for 118 mA and 216 mA and also 231 mA, 257 mA and 270 mA are unexpected close to each other and the curve for 74 mA does not meet the expectations. Whether this is due to the experimental conditions mentioned above or based on other causes is not known to the current state of investigation.
It should be noted, that similar sizes of the cross-section of the discharge channel were observed. For larger current values, the cross sections were noticeably taller and had a higher intensity of radiation.
The fitted curves show only the area of the measured arc length. The maximum arc length of the discharge channel is longer, because there is no interruption in the voltage waveforms till 40 V and so no termination of the discharge can be observed.
From the measured values the voltage-current characteristic of the arc can be determined, which were linear fitted for a better orientation in the context. 
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These characteristics fit to the voltage-current characteristics of the literature in principle (Rieder, 1967; Slade, 2013; Vinaricky, 2002) , however the quantitative correspondence will need to be examined in more accurate measurements. These characteristics are valid only for this range of voltage, current as well as for the surface and the mechanical conditions such as the speed.
Molten metal bridges as a possible condition for the discharge are visible in principle in the voltage waveforms (Slade, 2013) . The molten metal bridges occurring in the nanosecond range could not be determined in these experiments with sampling rates of 2 µs. This must be investigated separately.
Interaction
With these characteristics, the formation of the voltage and current waveforms from the conditions of the surface and the movement of the wire is possible. The validity can only be given for this value range of voltage, current, surface roughness and movement of the wire of these experiments.
From these resulting current and voltage waveforms of the movement from the electrodes in the spark test apparatus, the relevant values such as power waveform or net energy can be calculated. The critical cases so called "worst-case arcs" can be calculated and evaluated.
The limits of this system, such as a maximum arc length, am maximum duration, a minimum power or a minimum current must still be worked out.
The relationship between these electrical quantities and the ignition is currently known only qualitatively. For a thorough evaluation of the heat transfer from the discharge into the chemical ignition, schlieren investigations are currently being performed. There are no sufficient measurement values at this time.
A spectroscopic study for determining the discharge temperature and the temperature of the following wave of the ignition is also planned.
Ignition probability of the Spark Test Apparatus
The ignition probability of the experimental apparatus differs from the spark test apparatus according to the IEC. Main influences are the different movement during the contact process, the different geometry and other flow conditions of the gases.
This special ignition probability can be determined by long-term data logging of the voltage and current waveforms of the real spark test apparatus with different worn cadmium discs. For simple circuits, for example resistive circuits, these ignition values can be found in the M A N U S C R I P T
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standard. The ignition limits for the investigated circuits in this article are not listed in the standard.
Conclusions
With this determination of the voltage-current and arc length characteristics of incendive discharges the surface of the cadmium discs and the relating wire movements can be recorded by long-term data logging and analyzed.
These characteristics describe circuit-specific reproducible discharges and allow the formation of a model. Such a model is the first step towards the repeatable determination of ignition probability for electrical circuits in hazardous areas.
With the determined values of the voltage-current arc length characteristic in this study currently only an estimate is possible. In order to derive usable and precise ignition limit values for the standard, more exact values are required. Especially lower currents need to be examined, because these are essential for the determination of the safety-relevant limit values.
To achieve a higher accuracy, an improved test apparatus is required, for example with a more precise positioning of the wire or with a slower increase in the contact spacing. Furthermore an increase of the temporal resolution is necessary, for example by the use of an image intensifier. These measures will enable a more accurate investigation of lower currents.
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Highlights
• Approximate relationships between voltage, current and arc length are determined for incendive electrical discharges generated from sliding electrodes • Specific electrode surface conditions are required to produce incendive electrical discharges at very low voltages and currents • The discharge plasma was found to consist mainly of metal vapour • Further measurements with higher accuracy are required for determining safety critical limits
